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REVIEW 



Recent advance in brown adipose physiology and its 
therapeutic potential 

Yun-Hee Lee^'^, Young-Suk Jung^'^ and Dalwoong Chop'"* 

Brown adipose tissue (BAT) is a specialized thermoregulatory organ that has a critical role in the regulation of energy 
metabolism. Specifically, energy expenditure can be enhanced by the activation of BAT function and the induction of a BAT-like 
catabolic phenotype in white adipose tissue (WAT). Since the recent recognition of metabolically active BAT in adult humans, 
BAT has been extensively studied as one of the most promising targets identified for treating obesity and its related disorders. 
In this review, we summarize information on the developmental origin of BAT and the progenitors of brown adipocytes in WAT. 
We explore the transcriptional control of brown adipocyte differentiation during classical BAT development and in WAT 
browning. We also discuss the neuronal control of BAT activity and summarize the recently identified non-canonical stimulators 
of BAT that can act independently of p-adrenergic stimulation. Finally, we review new findings on the beneficial effects of BAT 
activation and development with respect to improving metabolic profiles. We highlight the therapeutic potential of BAT and its 
future prospects, including pharmacological intervention and cell-based therapies designed to enhance BAT activity and 
development. 
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INTRODUCTION 

Obesity is a multidimensional metabolic disorder associated 
with an increased risk of several common and severe diseases, 
including insulin resistance, type 2 diabetes, cardiovascular 
diseases and certain types of cancer.^ Recent epidemiological 
studies have estimated that obesity is a leading contributor to 
overall disease burden^'^ and have emphasized obesity's life- 
threatening complications. Obesity results from an imbalance 
that develops between energy intake and expenditure^ when 
adipose tissue undergoes hypertrophic/hyperplastic expansion 
during energy oversupply. In many cases, hypertrophied 
adipose tissue cannot fulfill its storage function, and this 
exposes excess free fatty acids (FFAs) to lipid- intolerant organs. 
Consequently, lipotoxicity can induce an insulin-resistant state 
and low-grade inflammation in the adipose tissue, which can 
lead to the pathogenesis of metabolic disease.^ 

Adipose tissue has been traditionally subclassified into white 
adipose tissue (WAT) and brown adipose tissue (BAT).^ WAT 
has evolved to store excess energy and to mobilize FFAs when 



energy is needed. By contrast, BAT is a specialized 
thermoregulatory organ^ that can produce heat during non- 
shivering thermogenesis in response to cold exposure. 
Importantly, energy expenditure can be enhanced by 
activating the catabolic phenotype of BAT. The recent 
identification of BAT in adult humans has renewed the 
interest in the therapeutic use of BAT to treat metabolic 
diseases. ^'^ One therapeutic strategy involves augmenting the 
oxidative metabolism of BAT, which has been shown to 
regulate body weight and temperature. In this regard, 
(33-adrenergic receptor (ADRB3) agonists have been reported 
to stimulate thermogenesis, increase metabolic rate, and exert 
anti-obesity and anti-diabetic effects in rodent models. ^^"^^ 
Another attractive approach may be to potentially improve the 
metabolic characteristics of WAT by recruiting brown-like 

adipocytes, a phenomenon referred to as the browning of 
WAT.19^20 

In this review, we summarize information published on the 
origin of brown adipocytes during the development of classical 
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BAT and the browning of WAT, focusing on new advances in 
our understanding of the identity of brown adipocyte pro- 
genitors. We discuss the neuronal and hormonal control of 
BAT activity and summarize the non-canonical contributors to 
BAT activity, which increase the thermoregulatory energy 
expenditure of BAT independently of (3-adrenergic stimula- 
tion. We also touch upon the transcriptional control of brown 
adipocyte differentiation that occurs in classical BAT develop- 
ment and WAT browning and review recent findings regarding 
the beneficial effects of BAT activation on improving metabolic 
profiles. Finally, we discuss the potential of using pharmaco- 
logical intervention and cell-based therapies to enhance BAT 
activity and development, which may have clinical implica- 
tions for metabolic disease. 

BROWN ADIPOCYTE PROGENITORS 

BAT develops prenatally in most mammals and can be easily 
identified at birth. ^ The thermoregulatory function of BAT 
protects organisms from a cold environment and helps 
maintain homeo static body temperature. BAT exists in 
defined anatomical regions, with the main BAT depots being 
interscapular, axillary, perirenal and periaortic depots in 
rodents.^ Human BAT is also currently accepted to be 
detected in specific anatomical locations such as cervical, 
supraclavicular and paraspinal regions, which is similar to 
the BAT distribution in rodents.^ ^ In addition to its histology- 
based identification, metabolically active BAT in humans can 
be detected using an imaging technology such as fluoro- 
deoxyglucose positron emission tomography scanning. 
Whereas constitutive BAT is found in specific anatomical 
locations, brown adipocytes can be recruited as clusters that 
form within WAT depots. These inducible brown adipocytes 
have a cellular origin that is distinct fi-om that of constitutive 
brown adipocytes found in classical BAT; however, the identity 
of brown adipocyte progenitors in various anatomical 
locations and under physiological conditions remains to be 
established. 

Progenitors of constitutive brown adipocytes 

In vivo lineage-tracing studies have demonstrated that cells 
expressing myogenic factor 5 (Myf5) give rise to skeletal 
myocytes and brown adipocytes in interscapular and perirenal 
depots (Figure l)?^ Moreover, lineage tracing performed 
using an inducible paired box 7 (Pax7) reporter demon- 
strated that the developmental divergence between BAT and 
muscles occurs around embryonic day 10.5 (E10.5)-E12.5, 
supporting the myogenic origin of BAT. Interestingly, 
inducible brown adipocytes that appear in WAT upon 
ADRB3 stimulation were not tagged by the Myf5 reporter, 
indicating that the origins of inducible brown adipocytes are 
distinct in WAT. However, the concept that brown adipocytes 
originate in the muscle might be an oversimplification. The 
Myf5 promoter has been reported to be transiently activated 
in the undifferentiated paraxial mesoderm, as demonstrated 
by the expression of the Myf5 reporter in multiple cell 
types, cartilage and bone.^^ Furthermore, recent findings 




Figure 1 Cellular origins of brown adipocytes. At least three 
cellular origins of brown adipocytes exist, all featuring distinct 
developmental stages and anatomical locations. (1) During 
developmental growth, constitutive brown adipocytes are generated 
from Myf5+ cells, the common progenitors of brown adipocytes 
and myocytes in skeletal muscle. (2) Beige adipocytes found in 
gonadal WAT originate from PDGFRa+ progenitors, which have 
been identified as the common progenitors of white and brown 
adipocytes. (3) Mature white adipocytes can be converted into 
beige adipocytes in subcutaneous WAT during cold stress. 

demonstrated that Myf5- expressing progenitors can give rise 
to white adipocytes in WAT depots.^^ Conditional genetic 
knockout of phosphatase and tensin homolog (PTEN) in 
Myf5- expressing cells caused a partial lipodystrophic 
phenotype, suggesting that Myf5 + progenitors contribute in 
a region- specific manner to WAT depots, which may explain 
the heterogeneity in the metabolic phenotypes of distinct 
adipose tissue depots. Although Myf5 expression could be 
transcriptionally critical in brown adipogenesis, Myf5 
expression is highly likely to only indicate the developmental 
timing of adipose tissue specification, because other 
mesenchymal cell types also appear to originate from 
Myf5 + cells. Thus, Myf5 may be considered as an early 
embryological marker of the paraxial mesoderm. Similarly, 
lineage tracing performed using Engrailed- 1, a central- 
dermomyotome marker, also demonstrated that interscapular 
BAT, epaxial muscle and dermis aU arise from this embryonic 
region.^^ 

Brown adipocytes also exist in perivascular fat. Thoracic 
perivascular depots resemble classical BAT, whereas abdominal 
perivascular adipose tissue resembles WAT, indicating the 
heterogeneous metabolic characteristics of perivascular fat.^^ 
Although most perivascular depots remain to be examined, 
lineage tracing showed that Cre-linked transgelin (smooth 
muscle protein 22-alpha), which is active in vascular smooth 
muscle cells and the surrounding mesenchyme, marks 
perivascular BAT, indicating that the lineages of perivascular 
BAT and vascular smooth muscle cells are closely related.^^'^^ 

Progenitors of inducible brown adipocytes (brite/beige cells) 

Brown adipocytes can be recruited in classical WAT during 
cold exposure and through adrenergic stimulation. ^^'^^'^^ 
Studies on their molecular and metabolic characteristics 
identified these inducible brown adipocytes as a distinct type 
of adipocytes that is neither brown nor white.^^ Currently, 
these inducible brown adipocytes are referred to as brown- in- 
white Cbrite') or beige adipocytes. ^^"^^ Although the identity 
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and the origin of inducible brown adipocytes have been 
defined under distinct circumstances by multiple groups, at 
least two mechanisms are known to be involved in recruitment 
of brown adipocytes in WAT: (1) the conversion of mature 
white adipocytes into brown adipocytes and (2) the de novo 
generation of brown adipocytes from progenitor cells 
(Figure 1). The conversion from white adipocytes into brown 
adipocytes appears to occur predominantly in subcutaneous 
depots, a view supported by the morphological analyses of 
brite/beige cells at the ultrastructural levels.^^"^^ The browning 
of white adipocytes has been reported to be a bidirectional 
conversion, which was demonstrated by the lineage tracing of 
beige cells in an inducible brown-adipose uncoupling protein 1 
(UCPl) reporter model.^^ The observation that most UCPl + 
cells did not originate from proliferating cells in inguinal 
adipose tissue also indirectly supports the theory of 
transdifferentiation. ^ ^ 

The prevalence of inducible brown adipocyte recruitment 
from proliferating progenitors appears to be depot specific and 
stimulus dependent. The Granneman group identified a cell 
type that can become brown or white adipocytes depending on 
the nature of the stimulus.^^ These progenitor cells reside in 
adipose tissues, express mesenchymal stem cell markers (CD34, 
Seal and PDGFRa),^^'^^ and exhibit a unique dendritic 
morphology. PDGFRa+ cells in gonadal WAT are more 
prone to be activated by P3 -adrenergic stimulation and 
nutritional challenges. These observations suggest that local 
tissue-derived signals may control progenitor behavior and lead 
to depot-specific progenitor recruitment in vivo. Subsequently, 
follow-up studies performed by Granneman and colleagues 
demonstrated that M2 macrophages are involved in activating 
these progenitor cells.^^ The recruitment of M2 macrophages 
was specific to gonadal WAT during P-adrenergic stimulation, 
and the CD44+ subfraction of PDGFRa+ progenitors 
differentiated at the site of WAT death. Several adipogenic 
stimuli, including the feeding of a high fat diet and local 
adipose-tissue injury, triggered the recruitment of macrophages 
exhibiting distinct molecular phenotypes and induced the 
differentiation of PDGFRa + cells. 

Spiegelman et al characterized the molecular signature of 
cloned beige-cell progenitor lines generated from the stromo- 
vascular faction of subcutaneous adipose tissue.^^ In this study, 
novel markers specific to beige cells (CD 137, TEME26 and 
TBXl ) were identified.^^ The genetic profiling of human BAT 
in this report demonstrated that human BAT expresses beige 
cell markers and not classical BAT markers; however, more 
detailed expression profiling studies have further dissected the 
heterogeneous molecular characteristics of human-neck 
BAT.^^'^^ These studies have demonstrated that BAT displays 
molecular stratification, with deep BAT depots resembling 
classical BAT and superficial ones expressing beige markers.^^ 

TRANSCRIPTIONAL CONTROL OF BROWN ADIPOCYTE 
DEVELOPMENT 

Multiple transcriptional regulatory cascades have been 
reported to control BAT development and thermogenic 



function (Figure 2).^^'^^"^^ Peroxisome proliferator activated 
receptor gamma (PPARy) is a master transcription factor that 
is unconditionally required for white and brown adipogenesis; 
however, the transcriptional activity of PPARy can be regulated 
at multiple levels, enabling brown adipocyte-specific target 
gene expression.^^ Post-transcriptional modifications such as 
phosphorylation, acetylation, and sumoylation are involved in 
the control of PPARy activity. For example, sirtuinl (Sirtl) 
deacetylates PPARy and thereby recruits PRDM16 (PRDl-Fl- 
RIZl homologous domain containing 16) to the promoter 
regions of brown adipocyte-specific target genes, which 
subsequently stimulates brown adipocytes development.^^ 
Conversely, indirect regulation of PPARy transcriptional 
activity includes the differential expression of co- regulators 
(that is, co-activators and co-repressors).^^ Recently, early 
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Figure 2 Molecular players in brown adipocyte development and 
function. Brown adipogenic differentiation involves multiple 
transcriptional regulators, with PRDM16, PPRAy and PGCla acting 
as main molecular players. PPARy is the master transcription 
factor in adipogenic differentiation, whose association with 
PRDM16 and PGCla initiates selective induction of brown 
adipogenic and thermogenic gene expression. Acetylation of PPARy 
and phosphorylation of PGCla increase the activity of these 
transcriptional complexes. Several binding partners of PRDM16 
have been identified (CCAAT/enhancer-binding protein beta, 
PPARy, early B cell factor-2, euchromatic histone-lysine 
A/-methyltransferase 1 and C-terminal-binding protein) that are 
involved in mediating the expression of brown adipogenic genes 
and suppressing the expression of myogenic and white adipogenic 
genes. Upon sympathetic stimulation, catecholamines (for 
example, norepinephrine) induce thermogenic gene expression and 
lipolysis mainly through ADRB-cAMP-PKA signaling. Non-canonical 
stimulators (for example, natriuretic peptide, BMPs, fibroblast 
growth factor 21) have also been identified that have critical roles 
in BAT development and in the browning of WAT (see text for 
details; main references include). ^^-^^-^^ 
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B cell factor- 2 was reported to be more abundantly expressed 
in BAT than in WAT. EBF2 interacts with PPARy to specifically 
activate the BAT developmental program.^^ Furthermore, 
dynamic histone and DNA modifications at the cis- 
regulatory level can explain depot-specific expression 
patterns of PPARy target genes.^^ For example, the distinct 
status of chromatin in BAT and in subcutaneous and gonadal 
WAT contributes to the depot- selective interaction of PPARy 
with PPAR-response elements in different adipocyte lineages.^^ 
Together, these findings illustrate how coordinated regulation 
at multiple layers enables the fine-tuning of PPARy 
transcriptional activity in BAT versus WAT. 

PPARy co-activator 1 alpha (PGCla) has been identified as 
a cold-inducible transcriptional cofactor that is involved in 
thermogenic gene expression leading to, for example, mito- 
chondrial biogenesis, beta-oxidation and lipid metabolism.^^ 
Although PGCla functions as a co-activator of PPARy, it is a 
downstream target gene of the protein kinase A (PKA)-cAMP 
(cyclic AMP) -responsive element-binding protein 1 signaling 
pathways, and the transcriptional activity of PGCla can be 
post-transcriptionally controlled. Specifically, (3-adrenergic 
stimulation activates p38 mitogen-activated protein kinase, 
which phosphorylates and activates PGCla.^^ 

PRDM16 has been identified as a molecular switch between 
myocytes and brown adipocytes,^^ and it is considered as a 
classical brown adipocyte lineage marker. Whereas the 
overexpression of PRDM16 converted myocytes into brown 
adipocytes, PRDM16 expression in adipose tissue specifically 
induced thermogenic gene expression and browning of 
subcutaneous WAT, increased energy expenditure and 
antagonized weight gain during high fat diet feeding.^^'^^ 
Mechanistic studies conducted by multiple groups have 
demonstrated that PRDM16 forms a transcriptional complex 
by binding to other transcriptional regulators (Figure 2). For 
example, CCAAT/enhancer-binding protein beta has been 
identified as an early binding partner that PRDM16 interacts 
with in preadipocytes and myogenic precursors to induce 
PPARy and PGCla expression.^^ Subsequently, PRDM16 
binds to PPARy and PGCla to selectively recruit the PPARy 
transcription complex to the promoters of thermogenic and 
brown adipogenic genes.^^ Conversely, the suppression of 
white adipogenic gene expression is mediated by the 
association of PRDM16 with C-terminal-binding protein- 1 
and -2, which are well-known transcriptional co-repressors.^^ 
Recent work by Kajimura and colleagues indicated that 
myogenic gene expression is repressed by the association of 
PRDM16 with euchromatic histone-lysine N-methyltransferase 
1.^^ Interestingly, euchromatic histone-lysine iV-methyl- 
transferase 1 could stabilize the PRDM16 protein and 
thereby upregulate brown adipogenic gene expression. 
Transducin-like enhancer of split 3, a white adipocyte- 
specific transcription cofactor, competes with PRDM16 and 
activates anabolic gene expression.^^ By contrast, miRNA-133 
directly targets PRDM16 expression: downregulation of 
miRNA-133 upon cold exposure causes augmented 
expression of PRDM16, resulting in brown adipocyte 



differentiation into BAT and subcutaneous adipose tissue 
depots.^^ Similarly, reduction of miRNA-133 expression in 
satellite cells in muscle has been shown to direct brown 
adipocyte differentiation,^^ increase WAT browning and 
improve metabolic profiles, thus supporting a potential 
therapeutic use of miRNA-133 in metabolic diseases.^^ 
Although a critical role of PRDM16 in brown adipocyte 
development and WAT browning is well supported, it would 
be interesting to test whether cell type-specific manipulation of 
PRDM16, such as genetic deletion in Myf5+ cells and/or in 
PDGFRa+ cells, affects the development and metabolic 
characteristics of BAT and WAT. 

ACTIVATORS OF BROWN ADIPOCYTE DEVELOPMENT 
AND FUNCTION 

Under physiological conditions, cold exposure increases the 
thermogenic activity of BAT, which is largely controlled by the 
sympathetic nervous system. Increased sympathetic nerve 
activity can be detected following cold exposure, which is 
demonstrated by elevated levels of tyrosine hydroxylase expres- 
sion, increased nerve fiber branching and norepinephrine 
turnover.^^"^^ 

Norepinephrine, which is released from sympathetic nerve 
endings, acts on ADRBs in BAT and activates downstream 
cAMP-PKA signaling to increase thermoregulatory gene 
expression and lipolysis through the phosphorylation of 
hormone- sensitive lipase. 

Thermogenesis is critically affected by UCPl, a brown 
adipocyte-specific molecular marker. UCPl can be found in 
the mitochondrial inner membrane, where it uncouples 
oxidative respiration from ATP synthesis to generate heat. As 
mentioned in the preceding section, another critical factor 
up regulated by PKA is PGCla, a transcriptional co-activator 
of nuclear receptors that is necessary for mitochondrial 
biogenesis and UCPl expression.^^'^^'^^ Furthermore, FFAs 
derived from intracellular lipolysis or supplied by circulation 
are also required for UCPl activity and serve as a substrate for 
beta- oxidation and induction of UCPl expression.^'^^ 

In addition to neuronal control, hormones, cytokines, and 
other circulating factors can help control BAT activity. For 
example, the thyroid hormone triiodothyronine activates BAT 
function and WAT browning by enhancing mitochondrial 
biogenesis and UCPl expression, '^^'■^^ a function that is also 
supported by in vitro studies on primary mesenchymal stem 
cell cultures derived from human adipose tissue.^^ 

Various factors have been identified as activators of BAT 
expansion and beige/brite adipocyte differentiation in 
WAT. Notably, an anti-diabetic drug, thiazolidinedione, has 
been shown to increase the metabolic activity of BAT and 
to be involved in the browning of WAT.^^'^^ Moreover, 
prostaglandins enhance WAT browning, as shown by the 
pharmacological inhibition and genetic ablation of Cox2.^^ 
Irisin has been identified as a muscle -derived cytokine that is 
released during exercise and which induces the browning of 
subcutaneous adipose tissue.^^'^^ Bone morphogenetic 
proteins (BMPs) have been reported to have a critical role 
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not only in early specification of the adipocyte lineage,^^ but 
also in BAT development and function. BMP 7 is indispensable 
for BAT development^^ and it can promote beige cell 
formation and mitochondrial activity in brown adipocytes 
in vivo and in vitroJ^'^^ BMP8b has been found to increase 
thermogenic activity by acting directly on BAT and by affecting 
signals derived from the central nervous system. Whereas 
BMP2 and BMP4 are required for white adipogenic 
commitment of mesenchymal stem cells, an unexpected role 
of BMP4 in the browning of WAT has been reported.^^ 
Fibroblast growth factor 21 activates BAT activity by 
elevating PGCla expression, thereby contributing to the 
browning of white fat in adults.^ ^'^^ Cardiac natriuretic 
peptides^^ can promote the browning of white fat and 
thermogenesis in mice and can increase respiration in 
cultured human fat cells^^ through p38 MAP kinase 
downstream signaling. Dietary factors can also contribute to 
the control of BAT function. For example, the elevation in FFA 
levels resulting from a high fat diet increases PPAR activity and 
induces UCPl expression and differentiation of brown 
adipocytes, indicating mechanisms of diet-induced thermo- 
genesis. Moreover, intracellular lipolysis generates FFAs,^^ 
which function as an energy source and also stimulate the 
thermogenic program of BAT.^^ The whitening of BAT has 
been found to occur in mice deficient in adipose triglyceride 
lipase, which supports a key role of lipolysis on BAT develop- 
ment. Conversely, overexpression of adipose triglyceride 
lipase has been shown to enhance the catabolic phenotype 
of white fat.^^ 

CONCLUDING REMARKS: THERAPEUTIC 
IMPLICATIONS OF BAT 

Several imaging studies on human subjects have shown that 
BAT prevalence negatively correlates with a high body mass 
index and fat content, supporting a role of BAT in preventing 
obesity.^'^'^^ Moreover, metabolic activity/BAT mass has been 
reported to be lower in diabetic patients compared with that in 
non-diabetics.^^ Recent studies have assessed oxidative meta- 
bolism by using ^^C-acetate and have demonstrated clearly 
that human BAT critically contributes to energy expenditure 
through cold-induced non-shivering thermogenesis.^^ 
However, the metabolic significance of cold-induced 
activation of human BAT has been questioned by Muzik 
et al.?^ whose work showed that upon exposure to moderately 
cool temperatures, BAT activation accounted for only 15-25 
kcal per day. 

In rodent models, pharmacological induction of BAT 
function has been shown to be beneficial in counteracting 
obesity and diabetes. For instance, ADRB3 agonists have been 
shown to treat obesity and diabetes. However, in humans, 
ADRB3 agonists are ineffective because ADRB3 is expressed at 
low levels in adipocytes. The use of indirect sympathomimetics 
(for example, ephedrine and sibutramine) produces adverse 
effects such as increased cardiovascular complications and 
stroke events, which is associated with the broad and non- 
specific action of adrenergic stimulation. Furthermore, indirect 



sympathomimetics do not activate human BAT. Therefore, 
approaches other than (3-adrenergic control are required for 
developing practical applications of pharmacological BAT 
activation in humans. In this regard, non-canonical thermo- 
genic stimulators, which work independently of adrenergic 
receptors, could help increase BAT activity without causing 
adverse outcomes or patient discomfort. Irisin has been 
identified as a muscle- derived cytokine (myokine) that 
induces the browning of adipose tissue and BAT activation. 
Another promising agent is fibroblast growth factor 21. Recent 
clinical studies have shown that the fibroblast growth factor 21 
analog LY2405319 exhibits beneficial effects in patients 
suffering from obesity and type 2 diabetics by improving 
their metabolic profiles.^^ BAT transplantation or cell-based 
therapies are also attractive approaches that could be used to 
expand BAT in vivo. Reversal of type 1 diabetes by means of 
BAT transplantation has been reported in studies using rodent 
models. Human adipose-derived stem cells and inducible 
pluripotent stem cells have been used to investigate and 
understand the signaling that determines progenitor fate and 
activity during BAT expansion and WAT browning.^^'^^ 
Parameters of the tissue extracellular environment such as 
vascularization, angiogenesis and levels of innervation should 
be considered when deciphering the integration of cues that 
direct context-dependent fine-tuning of progenitor cell 
behavior. 

Although the complexity of the physiological processes 
required for energy homeostasis has hampered the develop- 
ment of drugs that can effectively treat metabolic diseases, BAT 
has been proven to function as a crucial regulator in energy 
metabolism. Considering the substantial clinical benefits of 
therapeutically manipulating BAT activity and mass, under- 
standing the mechanisms controlling this process wiU facilitate 
the development of safe and effective therapeutic tools to 
combat obesity and metabolic disorders. 
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